The electrode potential dependence of the hydration layer on an n-Ge(100) surface was studied by a combination of in situ and operando electrochemical attenuated total reflection infrared (ATR-IR) spectroscopy and real space density functional theory (DFT) calculations. Constant-potential DFT calculations were coupled to a modified generalised Poisson-Boltzmann ion distribution model and applied within an ab initio molecular dynamics (AIMD) scheme. As a result, potential-dependent vibrational spectra of surface species and surface water were obtained, both experimentally and by simulations. The experimental spectra show increasing absorbance from the Ge-H stretching modes at negative potentials, which is associated with an increased negative difference absorbance of water-related OH modes. When the termination transition of germanium from OH to H termination occurs, the surface switches from hydrophilic to hydrophobic. This transition is fully reversible. During the switching, the interface water molecules are displaced from the surface forming a ''hydrophobic gap''. The gap thickness was experimentally estimated by a continuum electrodynamic model to be E2 Å. The calculations showed a shift in the centre of mass of the interface water by E0.9 Å due to the surface transformation.
Introduction
Structural changes of the hydration layer of surfaces formed in aqueous solutions are essential to many chemical, physical and biological phenomena. [1] [2] [3] [4] Numerous spectroscopic, microscopic and theoretical studies have characterized interfacial water structure and dynamics. [5] [6] [7] [8] [9] [10] Attenuated total reflection infrared (ATR-IR) spectroscopy is a powerful tool to investigate the hydration shells, via their vibrational modes. [11] [12] [13] Water can form different types of hydrogen bond networks depending on the physical and chemical conditions of the environment. Water molecules have four hydrogen bonds with their nearest neighbours, thus forming a tetrahedral arrangement. 14 This is usually found in crystalline ice structures around the freezing point. [15] [16] [17] [18] This crystalline ice structure has a characteristic vibrational peak at 3220 cm À1 in IR spectra. 19, 20 Above the freezing temperature, the liquid phase is the most thermodynamically stable structure, where the water molecule has two to three hydrogen bonds with other water molecules, 21 and gives a broad infrared absorbance peak around 3400 cm
À1
. 19, 20 When a hydroxyl group in a water molecule is not donating a hydrogen bond, the IR absorption is blue-shifted to 3640 cm
. These OH groups are often called ''free OH'' or ''dangling OH''. 22, 23 The peak position of the OH vibrational peak is highly sensitive to the overall degree of hydrogen bonding. 24 Moreover, there are numerous reports of surfaces with red-shifted water absorptions indicating a higher degree of hydrogen bonding and possibly a more structured water interface at room temperature. [25] [26] [27] [28] [29] Such highly hydrogen bonded structures show a characteristic peak around 3220 cm
. Therefore, is often referred to as ''ice-like'' water. [25] [26] [27] [28] [29] This term is, however, slightly misleading, as the observed vibrational frequencies are characteristic for strongly hydrogen bound water, independent of its state of aggregation and mobility. An early assumption was that the interfacial structure of water at a ''flat repelling'' hydrophobic surface should be similar to that of water at the water/air interface. 30 Theoretical studies on interfacial water structure at hydrophobic interfaces exist, [31] [32] [33] [34] however, in most cases lack experimental validation at the molecular level. In general, ab initio calculations yield detailed insight, but need experimental validation due to the approximations made, and the limited size-and time-scales of the simulations. One open question is whether a layer of water depletion exists between water and the hydrophobic substrate. 30, [35] [36] [37] Neutron reflection measurements showed the presence of a layer of reduced water density at a hydrophobic silane/water interface, that depends on the dissolved gas in the water. [38] [39] [40] Removal of the dissolved gas decreased the width of the layer. Observation of depletion of electron density in a range of 1-6 Å near hydrophobic surface by X-ray reflectivity studies also suggested the presence of a corresponding water depletion layer. [40] [41] [42] [43] The term ''hydrophobic gap'' will be used to refer to the depletion layer. Alternative interpretations centre around the presence of nanosized gas bubbles at the interface. [44] [45] [46] [47] [48] Detailed interpretation on whether or not there is a lateral structuring of the interfacial region shall not be topic of this work. The interface of germanium with an aqueous electrolyte is particularly well suited to study solvation an desolvation of interfaces, because of its potential-dependent, reversible transition to a hydrogen terminated surface at cathodic polarisation. The resulting surface is hydrophobic. 49 The transition has been characterised electrochemically, 49 using ATR-IR spectroscopy and quartz-crystal microbalance. [50] [51] [52] [53] In the past, electrochemically interfaced ellipsometry has been used to show the presence of a layer resembling hydrogen after cathodic polarisation of gold electrodes covered with organic molecules. 54, 55 Here, we present a study using electrochemical ATR-IR spectroscopy, complemented by simulations, to obtain vibrational spectra of water under different electrode potentials and draw conclusions about the state of the interfacial water at the solid/liquid interface. Density functional theory (DFT) calculations of solvated model clusters resembling the Ge(100)/solution interface have been successfully used to assign characteristic vibrational modes of intermediate species detected during the electrochemical oxygen reduction reaction. 56 For Germanium nanocrystals, a microscopic lattice dynamical mode was developed to study phonon modes. 57 In the present study, the theoretical focus is on obtaining the full vibrational spectra through ab initio molecular dynamics (AIMD) simulations of the Ge(100) surfaces under realistic electrochemical conditions, i.e., taking into account (i) the potential imposed on the surface and (ii) the interaction with the electrolyte. Several approaches exist to deal with the electrified interface. 58 Within DFT periodic boundary calculations, one of the most common model is the so-called ''constant-charge'' approach, where the potential is included indirectly by energy shifts associated to the electron transfer processes. Formally, however, the electrochemical conditions require instead a grand potential description, at least, for the electronic subsystem. 59 Thus, assuming the Fermi level is determined by the electrochemical potential, the exchange of electrons between the system and the reference (electrode) is correctly described. Within the BornOppenheimer approach to AIMD, this entails to optimize the electronic structure for a given chemical potential. However, such type of calculations are more expensive than the traditional constant-charge approaches, due the high fluctuations in the electron density, and as such they are not of widespread use yet. The hydration/solvation effects, on the other hand, require a huge quantity of solvent and solute molecules to obtain meaningful thermodynamic results. For water this can be even more problematic than for other type of solvents. In practice, such a system size is computationally prohibitive and most of the DFT calculations involve just a small number of molecules of water and/or continuum solvation models. 60 Here, both problems are tackled within the Car-Parinello MD (CPMD) scheme, 61 using an electronic grand-potential real space (RS) DFT to solve the electronic structure problem, and a joint explicit-water/implicit continuum model of the electrolyte to describe the hydration effects. Details of the computational methods will be described elsewhere. Apart from its high scalability, the RS-DFT allows to deal with systems of arbitrary periodicity, in particular 2D-periodic (slabs): spurious long-range interactions along the non-periodic direction are avoided because there are no image replicas in such direction. Furthermore, 2D-periodic charged systems can be dealt with by a proper setup of the boundary conditions. The main aim of this paper is to show that this approach directly yields experimentally measurable quantities, and to compare simulation and experimental results.
Materials and methods

Experiments
The experimental setup combining electrochemical and spectroscopic experiments has been described in detail previously. 56, 62 Briefly, a standard ATR-IR setup was modified to permit use of trapezoidal Sb-doped n-type Ge(100) internal reflection elements (Crystal GmbH, Berlin, Germany) of size 52 mm Â 20 mm Â 2 mm, with an angle of incidence of 601 at the Ge/electrolyte interface. A custom-built PTFE basin placed on the crystal via an O-ring enclosed the electrolyte. The Ge surface inside the O-ring has contact with the elctrolyte. The effective electrode area is 4 cm 2 . The cell was covered by a Teflon lid that included the gas inlet and outlet and bores for the reference (double junction Ag/AgCl/3 M KCl microreference electrode) and counter (Pt foil, 99.99%, 1.2 cm Â 1 cm) electrodes. All the potentials reported in this work are with reference to the standard hydrogen electrode (SHE). 0.1 M HClO 4 was used as electrolyte, with a measured pH of 1.4. All the experiments were conducted under Ar atmosphere, by purging the solution with gas prior to the experiment, and purging the cell continuously above the electrolyte during the experiment. All experiments were carried out at ambient temperature of (23 AE 2) 1C.
The germanium elements were cleaned by immersing them in neutral Extran lab detergent (VWR) for 3 h, followed by 3Â rinsing with ultrapure water, and a final rinse with isopropanol. Subsequently, the elements were again rinsed with ultrapure water for 3 times, and dried with a N 2 stream before the experiment.
ATR-IR spectra were recorded on a Vertex 70v Fourier transform IR spectrometer (Bruker, Germany) using a mercury cadmium telluride (MCT) detector. Spectra were recorded in p-polarization, averaging 400 scans for each spectrum. Spectra are displayed as difference absorbance A ¼ À log 10 I s I 0 , were I s and I 0 represent the sample and reference spectrum intensity, respectively. The sample spectrum I s was measured in a range of electrode potentials from 0.21 V to À0.79 V in steps of 0.1 V, first in direction of decreasing potential, and then in direction of increasing potential. Each corresponding reference spectrum I 0 was measured at a fixed potential of 0.21 V, immediately after the collection of the sample spectrum at every potential. Water vapour contributions were subtracted manually from all spectra. An Iviumstat potentiostat (Ivium, Eindhoven, The Netherlands) with a simultaneous recording of currents in chronoamperometry mode was used for electrode potential control.
DFT calculations
All AIMD simulations have been done using the RSDFT software package, a code to perform CPMD using an RS approach to DFT. 23, 63 The time scales involved in the transformation from the -OH to the -H termination are clearly prohibitive for realistic AIMD simulations. Therefore, both types surfaces were sampled under the experimental used potentials. Fig. 1 shows snapshots of the slabs used for the numerical simulations of the biased-hydrated Ge(100) electrodes. Six square (3 Â 3) monolayers were disposed in orthorhombic supercells, periodic in the x, y directions, with vacuum regions in the non-periodic z-direction. The slab's bottoms were saturated by hydrogen atoms, which, together the four bottom monolayers of Ge, were fixed during the calculations. The tops were terminated with hydroxyl groups (Ge-OH), or hydrogen atoms (Ge-H).
Two bilayers of ''explicit'' water (40 molecules), supporting the electrolyte continuum model, were added. Thus, the full system was partitioned into two coupled subsystems: (i) the explicit hydrated/biased slab, quantum-mechanically described by an extended CPMD approach, and (ii) the implicit electrolyte double layer described at the continuum level also within an extended CPMD approach. A detailed description will be published elsewhere in a dedicated method paper. The former allows to the deal with the open electronic subsystem (electrode) and was central to perform calculations at constant electrochemical potential by using a grand-potential DFT approach. The continuum description of the electric double layer, on the other hand, takes into account the non-constant dielectric effects, by the generalized Poisson equation, as well the ionic species in the electrolyte by a modified Poisson-Boltzmann functional. 64, 65 The electrolyte itself was ''open'', in the sense it counterbalanced the charge of the electrode such that the full system was neutral, and takes into account saturation effects of the densities at the charged solid/liquid interface. In all of the calculations, the wavefunctions and both electronic and ionic densities were discretised in a homogeneous mesh of 0.3 Bohr of spacing, which corresponds to an energy cutoff of 54.8 Hartree, if a planewave point of view is adopted. The Brillouin zone is sampled just at the G point, which is justified by the lateral (periodic) sizes of the supercells and the semiconducting character of the ''bare'' slab. Normconserving pseudopotentials, 66 in their fully non-local form, 67 were used to describe the nuclei-electron interaction for all of the chemical species. The egg-box problem inherent to any RS computation with pseudopotentials was alleviated by efficient Fourier filtering techniques. 68 The exchange-correlation interactions were taken into account via the RPBE functional, 69 including van der Waals interactions through the DTF-D3 atom-pairwise potentials. 70 The electron-electron interaction (Hartree term), as well as the Coulomb terms associated with ionic species in the electrolyte, were computed by solving the generalized Poisson problem with a varying static dielectric permittivity e and Dirichlet (Neumann) BC at the top (bottom) of the supercell. The permittivity was a function of the waterdensity and changes smoothly from 1 inside the explicitly hydrated slab, to a value of 78 in the electrolyte bulk. For those calculations, the supercell size was increased by 60 Bohr in the +z direction. The dipole moment of water was set to 4.79 D. 71 For the finite size effect, the effective radius of hydronium was taken into account as 1.0 Å, 72 and the effective radius of the perchlorate as 3.09 Å. 73, 74 The ionic bulk concentration of anions and cations were set to 0.1 mol L À1 and that of water to 55.4 mol L
À1
. In the first step of the numerical simulations, the explicitly hydrated slabs were optimized in vacuum (e = 1) by secondorder damped dynamics until the energy changes were below 10 À4 Hartree. 63 Then, the implicit electrolyte model was added, and optimization was carried out under chemical potentials references to SHE as 75 Àm = E SHE + 4.44 V. The charges gained or lost by the hydrated slab were determined by the changes in the electronic occupations. With those values, constant-charge microcanonical simulations of few thousand timesteps (dt = 5 a.u.) were done to equilibrate the full system. Subsequently, simulations at the canonical ensemble were performed by a second-generation thermostat during 10 5 timesteps. 76 From the atomic trajectories, vibrational power spectra were computed, and using Hirschfeld-type dipole moments, 77 the corresponding infrared spectra were extracted.
3 Results and discussions
In situ infrared spectroscopic investigations
In acidic electrolyte (pH E 1), the germanium surface transition to an H-terminated surface is observed when the electrode potential is below EÀ0.2 V. 49, 50, 52 Typical cyclic voltammograms (CVs) on Ge(100) closely resemble previously published CVs. 52, 53, 78 An anodic peak at +0.1 V is attributed to the formation of a surface oxide layer. 49, 51, 52 At À0.3 V, a cathodic current peak was attributed to the change in surface termination from Ge-OH to Ge-H. The pH dependence of the occurrence of the Ge-H was further investigated by ATR-IR spectroscopy. Fig. 2 shows a series of ATR-IR spectra with potential control on Ge(100 in the hydrogen-bonding pattern at the interface, changes in orientation, or change of the number of molecules near the interface. 13, 82 Positive peaks indicate an increase in absorbance compared to the state of the surface at the reference potential of 0.21 V, while negative peaks indicate a decrease in absorbance compared to the reference potential. Fig. 3 indicates the peak height and peak position as function of electrode potential of the OH stretching and bending modes. Increase in negative difference absorbance of water bending and stretching modes in negative stepping direction was observed simultaneously with the rise in absorbance of the Ge-H peak. Intuitively, this observation can be explained by the repelling effect of the hydrophobic Ge-H terminated surface. Repulsion of electrolyte from the surface was furthermore confirmed by the increase in negative difference absorbance of the antisymmetric ClO 4 À stretching peak. Consequently, not only water molecules are repelled from the surface, but also the solvated ClO 4 À ions. The quantitative analysis of the bending mode was made after fitting the region around to maximum to a Lorentzian, while the analysis of the stretching mode was made by reading directly absorbance and peak wavenumber from the extrema of the spectra after baseline correction.
The negative difference absorbance in the OH stretching mode region is not only affected by depletion of water, but also by the disappearance of surface bound hydroxyl groups during the surface transformation Ge-OH + 2H + + 2e
Therefore, an analysis of the water bending mode region around 1640 cm À1 can be used to gain deeper insight into the processes during the surface transformation. The frequency of the bending mode is characteristic for water; the bending mode shifts to lower wavenumbers if one H atom in H 2 O is replaced by a heavy atom. 56 Negative difference absorbance of in the OH 2 bending mode region, however, was not observed immediately when the Ge-H mode was first observed (Fig. 2, inset) . Instead, a slightly positive difference absorbance was observed from À0.19 V. The difference absorbance became negative only at À0.49 V and below. This apparent contradiction to the observation of the negative difference absorbance in the OH stretching mode region suggests that the initial negative difference absorbance in the OH stretching mode region was essentially caused by loss of Ge-OH. The observation is in agreement with the previous observation that the surface transformation (1) is a two stage process, and likely proceeds via an intermediate with a mixed termination. 53 Only the fully H-terminated surface is sufficiently hydrophobic so that pronounced water depletion occurs. The reversible shift to higher wavenumbers of the OH stretching mode (Fig. 2) under cathodic polarisation is likely affected by changes in the hydrogen-bonding situation at the interface, in addition to the different major contributions from Ge-OH and H 2 O. Such potential dependence of water vibrational modes may reveal more detailed information on the structural changes of interfacial water layers, and shall be discussed in the second part of this manuscript in combination with the AIMD simulations. The results indicate also that in the positive potential stepping direction, peak heights are not exactly the same as in the experiments in negative stepping directions. Consequently, there must be some irreversible changes of the surface, e.g. during hydrogen evolution at the lowest potentials.
The potential dependent ATR-IR spectra of water and anion modes show a complex behaviour, combining action of two contributions, namely the removal of interfacial water by termination change and the approach of the hydration shell by electrostatic force. At the same time, the hydrogen bonding structure around the surface changes, leading to peak shifts in the absorbance spectra. Qualitatively and also semiquantitatively, the negative difference absorbance for the ClO 4 À stretching modes is consistent with removing solvated ions away from the surface. Changes in ion solvation itself shall hence not be discussed here, as there is too little experimental evidence for such changes. Nevertheless, the interaction between ions and the electrode surface is controlled by the varying electric field near the interface.
Analysis of the ''hydrophobic gap'' in 0.1 M HClO 4
The system investigated here offers the possibility to switch on and off the hydrophobicity, without complex molecular systems in charge of the switching. Hydrophobicity of H-terminated Ge itself has been shown before by bubble contact angle analysis. 49 A qualitative analysis of the ATR-IR spectra shown in Fig. 2 already shows that after completion of the surface transformation, a density-depleted region in water is observed at interface. This depletion shall be analysed quantitatively in more detail in the following.
To obtain an estimate of the thickness d of the hydrophobic gap, water with bulk optical constants was assumed to be present initially at the most positive electrode potentials. 83 A continuum electrodynamics based matrix method was used to calculate reflectivities of germanium in contact with water with different thickness of a layer of refractive index 1 in between water and germanium. Both the matrix method, 84 as well as the calculation of absorbance spectra, 85 were described previously in detail. Two different spectral regions have been analysed for estimating d, the OH stretching mode region because of the higher total absorbance and consequently higher sensitivity, and the OH 2 bending mode region, because it is not affected by the presence of Ge-OH. The difference absorbance between d = 0 and a certain non-zero gap thickness was then calculated, and compared to experimental data in the range of the OH stretching and bending region. A calibration curve was generated on the basis of (i) the experimental extremal absorbance of the OH stretching mode around 3400 cm
À1
, and (ii) the extremal absorbance of the OH 2 bending mode around 1640 cm
, respectively. While in the case of the stretching mode, the extremal absorbance value was directly read from the graph, the region around the peak in the bending mode region was fit to a Lorentzian curve first, and the maximum of the Lorentzian fit was used. Both absorbance values are displayed in Fig. 3a .
The resulting d values for both scenarios are summarized in Fig. 4 . A reasonable gap thickness can only be obtained at potentials negative of the surface transformation onset, which in this case means lower than À0.19 V. The largest gaps appear at very negative potentials. As result of the OH stretching mode analysis, the maximum thickness is (1.9 AE 0.1) Å, larger than the reported Ge-H bond length of 1.59 Å. 86 Analysis of the bending mode leads to a maximum gap thickness of (2.0 AE 0.1) Å. It is clear that the analysis presented in the previous paragraph is stretching the limits of continuum electrodynamics. Differences in water absorption spectra are certainly present, and are actually interesting to analyse. For this purpose, the difference absorbance spectra calculated with the specific d as given in Fig. 4 were subtracted from the measured spectra. Subtraction was done both using d derived by analysing the stretching mode absorbance (Fig. 5a) , as well as the bending mode absorbance (Fig. 5b) . In Fig. 5b , the bending mode is typically quite well compensated, which implies that there is no strong shift in wavenumber. A shift in peak wavenumber depending on the hydrogen bonding situation is possible, but the shifts are not as pronounced as in the stretching mode region. 13, 87, 88 As the bending mode does not shift significantly in wavenumber with potential, and is typically well compensated in Fig. 5b , the following discussion shall focus on the stretching mode region of the spectra in Fig. 5b . The region 3200-3700 cm À1 is split into two smaller distinct positive bands, and one negative band. The positive band centring at 3440 cm À1 may correspond to the stretching modes of water molecules similar to standard bulk hydrogen bonding state. There is qualitative agreement between the spectra obtained with the two different analysis approaches used in this work. Some MD simulations, 89 Monte Carlo simulations, 90 and some experimental sum frequency generation spectroscopy-based results 91, 92 point to the preferred presence trend of ''ice-like''
water near hydrophobic interfaces. In these cases, the nearby water molecules are oriented in a specific OH-down-structure that one hydrogen atom directs at the solid surface. Following a standard literature interpretation, the peak negative peak centred at 3060 cm À1 could be assigned to highly structured water, also widely referred to as ''ice-like''. [25] [26] [27] [28] [29] As the difference absorbance is negative at these low potentials, IR spectra for the specific system investigated here point to a decrease in the presence of strongly H-bound ''ice-like'' water. It must be kept in mind that a large portion of this peak is due to the disappearance of the Ge-OH surface groups. However, with disappearance of Ge-OH, the H 2 O molecules bound to it will change their spectral signature, which then generates the overall shape of the peak. Peak shape does also change with potential, though the Ge-H absorbance is almost constant, indicating that changes are ongoing, especially also during the onset of hydrogen evolution.
The peak appearing at 3640 cm À1 under certain lower potentials (À0.59 to À0.79 V), which is also visible for certain potentials in the raw spectra in Fig. 2 is assigned to ''free'' OH groups, i.e. to -OH groups not participating in hydrogen bonding. Such molecules are likely those with the direction of the OH bond directly to the Ge-H surface. Similar vibrational modes have been observed elsewhere, e.g. by applying IR visible sum frequency generation (SFG) spectroscopy at interfaces involving water and a second hydrophobic phase, such as air/water, 93, 94 water/hexane, 20 water/CCl 4 , 91 and other hydrophobic liquids. 95, 96 It has been difficult to observe this mode for hydrophobic solid/water interfaces before. Besides, this mode of free OH is typically not observed at interfaces by linear absorption spectroscopy, due to the large background of bulk water. Typically, the presence of free OH is observed in SFG, together with a broad band with seemingly two components often labelled as ''liquid-like'' and ''ice-like'' bands. The band positions are quite similar to the three peaks observed in Fig. 5 . It is likely that the reversible potential dependant hydrophobic gap is induced by the reversible surface transition, thus leading to the destruction and re-construction of interfacial water molecules. The two stage process observed here supports the interpretation of a mixed terminated intermediate forming initially. 53 However, it is also possible that the desolvation is partially triggered by the electron accumulation at the electrode under the applied negative polarisation.
As there was no discontinuity observed in the potentialdependent absorbance of the ClO 4 À modes, the second hypothesis appears unlikely to the authors. To clarify this question, similar studies are needed on systems that do not show a surface transformation.
Analysis of interfacial structure by DFT
The analysis of the net charge in the relaxed biased slabs (Fig. 6) shows the H-terminated surfaces are only appreciable charged after certain threshold (EÀ0.3 V). This is approximately the chemical potential of the unbiased hydrated slab and therefore for this surface is energetically more favourable to give electrons to the reservoir. On the other hand, for the OH-terminated electrodes there is an always increasing net charge with the increasing of the chemical potential. Two approximately linear regimes were observed below and above m E À0.6 V, with capacitances of C E 0.2 e V À1 and C E 0.17 e V
À1
, respectively. The spectral information was separated into the contributions coming from the electrode, including its molecular termination, and those coming from the explicit water layers. The vibrational data is represented on a logarithmic scale to facilitate the analysis. Fig. 7 shows the power spectra for the Ge-H surface at three of the electrode potentials used experimentally. Five main vibrational modes were identified in this spectrum: stretching, bending, rocking, wagging and distortion. These modes are roughly reproduced by the AIMD calculations compared to well-known experimental values (Table 1) . For the Ge-OH system (Fig. 7) , a Ge-O stretching vibration and a distortion mode are clearly visible, as well as an OÁ Á ÁH-O bending mode, due to the interaction between the terminating OH and the water molecules. The Ge-O stretching mode is found at 500 cm
, whereas the OÁ Á ÁH-O bending vibration is observed as a broad and small peak around 1000 cm
. Although for both terminations the spectra are not strongly dependent on the potential, for the larger surface charges than used here, a Stark shift was found in the Ge-H stretching mode of the Ge-H and the Ge-O stretching mode of the Ge-OH surface.
An analysis of the simulated IR spectra allows to identify water-specific modes on both types of surfaces ( Fig. 8 and 9 ). For the Ge-H surface, the maximum of the water stretching vibration was observed at 3440 cm À1 , while it is shifted to around 3350 cm À1 for the Ge-OH surface. Consequence is the observed dispersive band shape in experimental spectra (Fig. 5 ), when differences between the two surfaces are considered. The free OH stretching mode can also be observed as small shoulder on the OH-terminated surface, while it is a larger peak on the H-terminated surface. In all the IR spectra, librational modes are visible between 0 and 1000 cm
, as well as the bending mode. The latter is shifted to 1750 cm À1 in the simulations, whereas it is found around 1640 cm À1 in experiments.
It is evident from the simulations that the largest part of the observed spectral changes in experiments stems from the fact that the surface termination changes; at each surface, the spectra do not change significantly with potential. In so far, experiments and calculations agree. For comparison with the experiments, a plot of a difference spectrum obtained in a similar manner as done in experiments is best suited (Fig. 10) . For the calculation, the spectra shown at the most positive potential 0.01 V for Ge-OH was subtracted from the spectrum at À0.89 V for Ge-H. This subtraction of calculated absorption coefficients corresponds to the logarithmic subtraction of experimental spectra commonly performed in the acquisition of experimental data. Spectra were scaled such that their maximum absorbance between 3000 and 4000 cm À1 was set to unity. With some shifts in wavenumber, the resulting spectrum closely resembles the OH stretching mode region in the experimental interface water spectrum shown in Fig. 5 . The high wavenumber region is stronger developed in the calculated spectrum, presumably because of the larger fraction of water molecules in direct contact with hydrophobic areas in the simulations. The AIMD also lead to evidence for a hydrophobic H-terminated surface and a hydrophilic OH-terminated surface. Plotting the probability distribution function (PDF) of the centre of mass of surface water for the two different surface terminations (Fig. 11) shows a shift of the average position of water with respect to the surface. Going in the direction from the -OH to the -H termination, i.e., decreasing the potential, the PDFs have widths of (0.9 AE 0.05) Å and (0.6 AE 0.05) Å, respectively. The corresponding distances from the surface are 4.9 Å and 5.8 Å respectively, which results in a difference of 0.9 Å between the peak positions. Going in the opposite direction, OH-termination at À0.89 V and H-termination at À0.29 V, the distances are (5.09 AE 0.05) Å and (5.89 AE 0.05) Å respectively, which results in a difference of 0.8 Å. Consequently the main effect of the peak positions of the PDF arises from the different chemical environments. Due to small changes in the surface charges, the different potentials play only a smaller role for the gap between electrode and water in this setup. Although the above differences are not directly comparable to the experimentally determined gap between the Ge-H and the first layer of water, the theory can reproduce the hydrophilic behaviour of the Ge-OH terminated surface, and the hydrophobic behaviour of the Ge-H terminated surface. A quantitative comparison between calculation and experiments needs to take into account averaging of the information in the experiment.
Conclusion
When the Ge(100) surface transforms from a OH-terminated surface at higher electrode potentials to an H-terminated surface at lower electrode potentials, the surface becomes partly desolvated: interfacial water molecules are displaced from the surface at more negative potentials. In the transition region, the displacement is potential dependent. At lowest potentials, the displacement was estimated from experiments to be E2 Å. AIMD simulations show that the centre of mass of water molecules moved E0.9 Å from the germanium surface. The IR spectrum of the interfacial water clearly displays the mode typically assigned to ''free'' OH groups, and observed in liquid water only in contact with hydrophobic surfaces. Before and after the surface transformation, the potential dependence of the IR spectrum is weak. The IR spectrum of the interfacial water also shows a decrease in the fraction of very strongly hydrogen bound water molecules after switching the surface to the hydrophobic state. The potential at which the surface transforms shows the thermodynamically expected dependence on pH. The switching in hydrophobicity with electrode potential is reversible, because of the reversible switch in the surface termination. This reversibility in switching makes the system interesting from the materials science point of view. The possibility to couple it with DFT calculations for different chemical potentials of the electrode will foster fundamental understanding. The semiquantitative agreement with experiments of the electronic grand-potential real space DFT shows the potential of this approach to genuinely electrochemical ab initio simulations, with full treatment of the electric double layer of the electrode.
